The electrochemical reduction of carbon dioxide into carbon monoxide, hydrocarbons and formic acid has offered an interesting alternative for a sustainable energy scenario. In this context, Sn-based electrodes have attracted a great deal of attention because they present low price and toxicity, as well as high faradaic efficiency (FE) for formic acid (or formate) production at relatively low overpotentials. In this work, we investigate the role of tin oxide surfaces on Sn-based electrodes for carbon dioxide reduction into formate by means of experimental and theoretical methods. Cyclic voltammetry measurements of Sn-based electrodes, with different initial degree of oxidation, result in similar onset potentials for the CO 2 reduction to formate, ca. −0.8 to −0.9 V vs. reversible hydrogen electrode (RHE), with faradaic efficiencies of about 90-92% at −1.25 V (vs. RHE). These results indicate that under in-situ conditions, the electrode surfaces might converge to very similar structures, with partially reduced or metastable Sn oxides, which serve as active sites for the CO 2 reduction. The high faradaic efficiencies of the Sn electrodes brought by the etching/air exposition procedure is ascribed to the formation of a Sn oxide layer with optimized thickness, which is persistent under in situ conditions. Such oxide layer enables the CO 2 "activation", also favoring the electron transfer during the CO 2 reduction reaction due to its better electric conductivity. In order to elucidate the reaction mechanism, we have performed density functional theory calculations on different slab models starting from the bulk SnO and Sn 6 O 4 (OH) 4 compounds with focus on the formation of -OH groups at the water-oxide interface. We have found that the insertion of CO 2 into the Sn-OH bond is thermodynamically favorable, leading to the stabilization of the tin-carbonate species, which is subsequently reduced to produce formic acid through a proton-coupled electron transfer process. The calculated potential for CO 2 reduction (E = −1.09 V vs. RHE) displays good agreement with the experimental findings and, therefore, support the CO 2 insertion onto Sn-oxide as a plausible mechanism for the CO 2 reduction in the potential domain where metastable oxides are still present on the Sn surface. These results not only rationalize a number of literature divergent reports but also provide a guideline for the design of efficient CO 2 reduction electrocatalysts.
Introduction
The increasing levels of carbon dioxide and other greenhouse gases in the atmosphere have been associated with a major problem, the so-called global warming, with roots in the use of coal and/or fossil fuels in energy power plants, transportation and cement industries, among others. In such a context, the current efforts to develop new alternatives for recycling CO 2 into fuels and useful chemicals could generate great possibilities for the future generations, as well as a more environmental-friendly scenario [1, 2] . Low-weight hydrocarbons, CO and formic acid have been obtained from carbon dioxide conversion with a particular interest for the last one, which is a chemical used in medicine, fuel cells and in the food and leather industries [3] [4] [5] .
Converting carbon dioxide into organic fuels can be achieved by means of chemical reactions through either electrochemical or photoelectrochemical processes [6, 7] . In the former route, metals with high hydrogen evolution overpotential such as In, Pb and Sn exhibit good selectivity to produce formic acid (or formate, depending on the pH) in aqueous electrolyte, but Hg, Cd and Bi have also shown electrocatalytic activity [3, 5, 8, 9] . Materials with interesting results include alloys (e.g., Cu-Zn) [10] , carbon nanotubes [11] , metal oxides (e.g., Cu 2 O, Bi 2 O 3 and In 2 O 3 ) [12, 13] , and in special, the Sn-based materials have attracted the attention of several researchers due to its low cost and toxicity [2, 8, [14] [15] [16] . For instance, Prakash et al. [8] have found a faradaic efficiency of 70% in formate production at −1.60 V (vs. reversible hydrogen electrode (RHE)) by using Sn powder bound with Nafion polymer to a gas diffusion layer support. Nanostructured Sn-based catalysts have also been intensely studied [2, [14] [15] [16] . Zhang et al. [14] carried out a comparative study employing SnO 2 nanoparticles loaded on both carbon black and graphene in aqueous NaHCO 3 electrolyte. At −1.60 V (vs. RHE), the carbon black has returned 86.2% in faradaic efficiency for the carbon dioxide reduction to formate whereas the system based on nano-SnO 2 /graphene raised this value to 93.6%. The same authors pointed out to a direct influence of the particle size over the reduction efficiency, reaching the optimum value with the 5 nm nanoparticle [14] .
In recent years, several works have attempted to elucidate the mechanism of CO 2 electrochemical reduction on Sn-based electrodes, but there is no consensus about this topic at the present. In general, the process of electrochemical reduction of carbon dioxide in metal-based electrodes may involve the adsorption/interaction of CO 2 on the electrocatalyst surface as the initial step. This is followed by the breakage of C-O bonds and C-H bond formation, which leads to reorganization and desorption from the surface. As the high stability of carbon dioxide requires the application of high overpotentials to overcome the kinetic barrier of reaction, it is usually evoked that the reaction initiates by a single electron transfer to carbon dioxide to form CO 2 •− anion radical species (CO 2 + e − → CO 2 •− at −1.90 V vs. NHE at pH = 7) [17] . In aqueous medium, however, these species may not be formed or have a very short lifetime due to the high availability of water, i.e., the reaction may occur via a proton-coupled electron transfer as the water molecule works as a proton donor, leading to different reaction pathways. The direct hydrogenation of the carbon atom usually leads to the production of formic acid [18] , whereas carbon monoxide can be formed upon hydrogenation of oxygen atoms [17, 19] . In this sense, Feaster et al. [20] have found that the final product of CO 2 reduction on polycrystalline Sn depends on the adsorption site interacting with the initial molecule, with carbon monoxide or formate being formed depending on whether the adsorption takes place through the carbon (*COOH) or oxygen atom, respectively. Additionally, metallic tin has presented an optimal *OCHO binding energy, being at the top of a volcane plot of activity vs. binding energy in comparison with other metals [20] . It has also been shown that carbon dioxide weakly binds to metallic tin, specifically on the Sn(112) surface, and, thus, it is not likely that the reduction takes place with adsorbed CO 2 species on metallic Sn surface, but on a metallic Sn surface with H adsorbed adatoms [5] . Nevertheless, Cui et al [21] have shown that the CO 2 adsorption on the SnO/Sn(112) surface is feasible [21] , where a tin oxide film would rapidly grow after the exposition to ambient air [22, 23] . In fact, in-situ Raman measurements show that superficial tin oxides are present (metastable) at the CO 2 reduction onset potential, but the reaction still proceeds at lower potentials where metallic tin atoms are formed [24, 25] . In another work, Chen and Kanan [16] have employed Sn foil and deposited Sn/SnO x thin-film electrodes as electrocatalysts, reporting that the current densities for the Sn foil with an exposed Sn 0 surface is mainly related to the H 2 evolution, whereas Sn/SnO x thin-film lead to higher faradaic efficiency for HCOO − formation. Interestingly, this fact has also been observed for Pb electrodes [26] . Baruch et al. [2] have found that the in-situ reduction of SnO 2 at low potentials may have meta-stabilized SnO x phases with hydroxylated structures at the interfaces. The electrocatalyzed reduction on nano-SnO 2 and Sn 6 (O) 4 (OH) 4 nanoparticles have been shown to display a similar product distribution at more negative potentials, and this has been attributed to a greater reduction of the tin oxide layer in nano-SnO 2 into a Sn(II) oxyhydroxide compound [2, 15] . Furthermore, the production of formate/formic acid takes place already before the complete stabilization of metallic Sn [2, 24] .
Based on experimental evidence and theoretical models, some additional mechanisms for the carbon dioxide conversion into formic acid/formate on SnO x surfaces have been proposed [2, 14, 21, [27] [28] [29] . Herein, SnO x indicates the presence of different phases of Sn-oxides. In this context, the tin-carbonate species have been pointed out as an important intermediate step in the process whose formation at the solid-liquid interface has been supported by infrared spectroscopy measurements [2] . This species would be subsequently reduced through a proton-coupled electron transfer process, leading to formate release and regeneration of the catalyst. In general, H 2 and CO are produced along with the formate, but H 2 is the major product only at higher potentials (>−1.60 V vs. RHE) [2] . Therefore, in addition to the effect of suppressing the water electroreduction, metastable tin oxides may favor the CO 2 reduction to formate/formic acid via chemical reaction with CO 2 in a first step, followed by steps of proton-coupled electron transfer.
From a theoretical viewpoint, some research groups have built distinct models to represent the crystalline structure of SnO x . For instance, Wang et al. have modelled the SnO x surface states by cutting tin (II) oxide along the (101) direction and further considering the embedded -OH groups in the possible reaction pathways [29] . In a different strategy, Cui et al. [21] have used the metallic Sn(112) facet to model an interface system with a SnO monolayer, which has been achieved by substituting some Sn surface atoms for oxygen. They have found that water dissociation into hydroxyls are thermodynamically favorable at low potentials. In general, both carbon-coordinated (COOH, carboxylate) or oxygen-coordinated (OCHO, formate) species as well as adsorbed hydrogen have been evaluated as possible intermediates [21, 29, 30] . Oxygen vacancies are shown to be thermodynamically favorable, promoting stabilization of the oxygen-coordinated OCHO species in the lowest energy reaction pathways [29] .
In summary, the aforementioned studies suggest that CO 2 molecules can be reduced along different pathways depending on the electrode potential, which would explain some divergent results on metallic tin and various forms of tin-oxide derived electrodes with FE for formate production varying from 10-95%. In other words, the scattered values of the reported FE may arise from the fact that the electrocatalytic activity of tin strongly depends on the in-situ (or operational) conditions. Thus, it is likely that operando spectroscopic techniques can give a better insight into the structural and chemical changes that tin electrode undergoes as a function of the potential and, thus, it is appropriate to determine the reaction mechanism. Additionally, there is a distinct lack of information on the thermodynamics of the CO 2 interaction with the hydroxylated interfaces to form the proposed tin-carbonate species and their subsequent electrochemical reductions. This is actually the focus of our study.
In this work, we have investigated the process of CO 2 reduction to formate on tin foil electrodes by employing a combined theory-experiment approach. Two sets of Sn-based electrodes have been prepared with different exposures times to air after acid etching, which has led to different initial degrees of oxidation. The onset potentials of carbon dioxide electrochemical reduction on these two initial configurations were found to be ca. −0.8 to −0.9 V vs. RHE, showing maximum FE of 90-92% at a potential of ca. −1.25 V vs. RHE. Thus, under in-situ conditions the electrode surfaces converge to very similar structures, with partially reduced or metastable Sn oxides that serve as active sites for the CO 2 reduction. In order to investigate the mechanism involved in such reaction, we have assessed the thermodynamics of CO 2 insertion into the oxy-hydroxide layers to form the carbonate species and the subsequent electrochemical reduction through ab initio methodology. Two model systems have been built up, starting from the bulk structures of tin (II) oxide (SnO) and tin (II) oxyhydroxide (Sn 6 O 4 (OH) 4 ), to develop a comparative study of different chemical environments. Our results indicate that indeed the carbonate formation is a thermodynamically favorable process with the reaction energy varying from −0.32 eV (isolated cluster) to −0.75 eV (interface reaction). Additionally, the first proton-coupled electron transfer takes place at a calculated potential of −1.65 V and −1.09 V (vs. RHE) for the layered-tin (II) oxyhydroxide and hydroxide-terminated tin oxide surface layer (SnOOH) systems, respectively, which fairly agrees with the value obtained experimentally. Thus, our findings suggest that the active layer in the experimental conditions is consistent with a hydroxide-terminated tin oxide surface layer (SnOOH). In summary, the high faradaic efficiencies of the Sn electrodes brought by the etching/air exposition procedure can be attributed to the formation of an optimized thickness of the tin oxide layer, allowing the presence of Sn oxides that are important for the CO 2 "activation", besides the presence of good electric conductivity that favors the electron transfer during the CO 2 reduction reaction.
Results and Discussion

Experimental Results on Tin-Based Electrodes
In order to verify the surface chemistry, high-resolution X-ray photoelectron spectroscopy (XPS) spectra for the Sn 3d bands have been obtained for the Sn-1 and Sn-2 electrodes, as shown in Figure S1a ,b, respectively. The peaks at ca. 484.7 and 493.0 eV are ascribed to Sn 0 for 3d 3/2 and 3d 5/2 , respectively, and those at ca. 486.5 and 495.5 eV are ascribed to SnO 2 (Sn 2+ and Sn 4+ ) for 3d 3/2 and 3d 5/2 , respectively, for both electrodes. However, the Sn-1 electrode presents peak areas corresponding quantitatively to 6% of Sn 0 and 94% of SnO 2 , whereas the Sn-2 electrode contains a slightly lower amount of SnO 2 (86%). Comparatively, Chen et al. [16] have found a content of 18% of SnO x surface phase on etched Sn electrode, which has increased to about 60-70% after one day of air exposition [16] . The etching procedure that is used in the present study is very similar to that conducted by Chen et al., which indicates that the Sn surface is readily oxidized in air even upon removal of the oxide layer through the etching process. This is easily explained by the tendency of non-noble metals to form surface oxides spontaneously under ambient or aqueous conditions [31] , but we would expect different degrees of oxidation with the use of different conditions for preparation of these materials.
The first and the second linear voltammetric scan curves obtained for the Sn-1 and Sn-2 electrodes in Ar-saturated 0.1 mol L −1 Na 2 SO 4 electrolyte are presented in Figure 1a ,b, respectively. In the Ar-saturated electrolyte for Sn-1, we can see a cathodic current wave in the first scan (blue curve) that starts at ca. −0.7 V and reaches a plateau at ca. −1.0 V (vs. RHE), which may indicate the reduction of SnO 2 (formed after exposition to air) to SnO and, possibly, to metallic Sn, at lower potentials. A second cathodic wave is observed below ca. −1.4 V (vs. RHE), being ascribed to the water electrochemical reduction (hydrogen evolution). However, in the second linear scan (dark blue curve), the first cathodic current wave decreases substantially. The Sn-2 electrode shows a similar behavior, but the first linear scan (see violet curve in Figure 1b ) has a much lower first cathodic current wave compared to Sn-1. In fact, as demonstrated by Cho S. et al. [23] , the electrochemical reduction analysis of tin electrodes, with intentional growth of Sn-oxide layers, revealed that SnO grows as the first layer within few hours when Sn is exposed to air. They have showed that as oxidation time and the temperature in which the electrodes were submitted in contact to air increases, the reduction potential of the tin oxides is shifted towards more negative values. They have also observed that the surface of tin was covered with a blocking layer of SnO 2 over the SnO layer in humid conditions. At 150 • C, the formation of SnO was followed by the growth of SnO 2 during long aging time. Linear scan voltammetric current responses that were obtained in Ar and in CO 2 -saturated 0.1 mol L −1 Na 2 SO 4 electrolytes for Sn-based electrodes at different experimental conditions after acid etching. In (a) the Sn-1 electrode was exposed to air for one day. The blue and dark-blue curves represent the first and second linear scan, respectively. The violet circles represent the total amount of formate and the red squares the faradaic efficiencies. In (b) the Sn-2 electrode was exposed to air for only 10 min. The violet and orange curves represent the first and second linear scan, respectively. The green triangles represent the total amount of formate and the red squares the faradaic efficiencies.
The curves of the first linear scan for both Sn-1 and Sn-2 electrodes are in fair agreement with those obtained by Cho S. et al. [23] , showing similar values for the electrochemical reduction of the Sn oxides. In this sense, the higher cathodic current for Sn-1 is directly associated to the higher amount of SnO 2 species presented by this electrode in comparison with Sn-2 due to its longer time of exposition to air. For both electrodes, most of the oxides are electrochemically reduced after the first negative-going scan in Ar-saturated electrolyte. Since the second negative-going scan has no cathodic current for both electrodes (only that for H 2 production below ca. −1.4 V), this would indicate the production of metallic Sn surfaces, as Sn 0 may be formed at low potentials in parallel to the hydrogen evolution. However, as mentioned before [16] , metastable metal oxides are known to persist on electrode surfaces even at low potentials (below the standard reduction potentials), at least in the topmost atomic layers. Probably, the maintenance of these metastable oxides under in-situ conditions is given by the OH species that are formed during the CO 2 conversion and by the parallel water reduction. In particular, for the case of Sn, this was nicely evidenced by in-situ Raman experiments [24, 25] . Dutta et al. [24, 25] have shown that the Raman signal ascribed to tin oxides is still present in the potential domain where the CO 2 reduction to formate takes place. Therefore, even having different initial amounts of surface oxides, Sn-1 and Sn-2 electrodes may have a surface with very similar structure/composition (similar surface metastable oxide amount) after the first scan in Ar-saturated electrolyte.
As can be noted in Figure 1a ,b, the onset potential of the cathodic current at ca. −0.60-0.70 V (vs. RHE) is coincident with the initiation of the formate production for both Sn-1 and Sn-2 electrodes (violet circles and olive triangles, respectively), and it follows a linear increase with the decrease of the potential, at least in the potential domain considered in this study. For both electrodes, the faradaic efficiencies (FE, red squares) increase from 32 and 30% at −0.75 V to 53 and 50% at 1.00 V, respectively. FE reaches a maximum at −1.25 V for both electrodes, with 92 and 90% for Sn-1 and Sn-2 respectively. At a lower potential, −1.50 V, FE is decreased substantially to about 9%. Thus, Sn-1 and Sn-2 electrodes behave similarly in in-situ conditions even presenting different initial content of tin oxides, with formate production occurring at the same onset potential with practically the same faradaic efficiency. We have also tested the immediate immersion of the tin electrodes in the electrochemical cell after the etching procedure and water rinse, as well as thermally treated Sn foils at 150 • C for 1.0 h. Both sets of experiments have returned the same faradaic efficiencies. Here, it is important to mention that no other liquid product (ionic or molecular species) was produced, as revealed by measurements of gas chromatography and high-performance liquid chromatography (HPLC). CO was detected, but only at very low amounts, at low overpotentials (below −1.0 V vs. RHE), as expected. Previous studies have found faradaic efficiencies of ca. 7% for Sn foil and Sn/C-based electrodes at low overpotentials [32, 33] . Thus, the faradaic efficiencies for formate production do not suffer significant influence from the CO formation in the potential domain that is herein investigated. The substantial decrease of FE for formate production at potentials below −1.5 V vs. RHE is, therefore, ascribed to the competition with the water reduction (hydrogen evolution).
Comparatively, Wu et al. [34] have also submitted Sn foil electrodes to an acidic etching procedure that resulted in a maximum FE of 95% at the same potential and using the same electrolyte that we have employed in the present study. It is important to emphasize that these values of FE lying in the interval of 90-95% are among the highest values that have been reported in the literature. Interestingly, the high FE is maintained even after 4 h of polarization, as can be observed in Figure S2 . Although we are not able to argue that the CO 2 reduction mechanism remains the same in this time interval, this result evidences the high stability of the Sn electrode for the CO 2 reduction.
There is no consensus in literature about the key parameters that govern the FE for formate production on Sn-based electrodes. Some authors claim that high FE on bulk or nanostructured Sn electrodes is only obtained upon the presence of surface oxides [16, 35] , whereas others claim that that sub-surface oxygen has a decisive role [36] . These studies are in disagreement with the work published by Wu et al. [34] These apparent contradictions were clarified by Zhang et al. [28] They compared an Sn(SnO x )-modified glassy carbon electrode with a Sn foil, and the resulting FE were 50 and 22% at −1.10 V vs. RHE, respectively. Their characterization via XPS showed very similar spectra for both electrodes and so, with similar surface oxidation state. Hence, the oxidation state cannot be an important factor controlling the electrocatalytic activities. On the other hand, a central difference was found in the X-ray diffraction results, which revealed that the Sn (SnO x )-modified glassy carbon electrode has a highly preferred orientation in the Sn (200) plane, whereas the Sn foil has a random orientation, typically of polycrystalline Sn. Thus, they have associated the differences in the electrocatalytic activity to the preferential adsorption of CO 2 reduction intermediates on the Sn (200) surface.
Considering that previous studies using in-situ Raman [24, 25] revealed that residual tin oxides (metastable) are still present at potentials where the CO 2 reduction occur with high FE, tin oxides under electrochemical polarization may produce a surface with a residual oxide layer that is very active for CO 2 reduction. It is on this surface that this process takes place with the highest faradaic efficiency. Indeed, a previous study demonstrated that native oxides can result in high FE in Sn nanoparticles [37] . Interestingly, as can be noted in Figure 1 , when the potential is too low (~−1.5 V), FE suffers a strong decrease. The results of Raman in-situ [24] disclosed that the signal ascribed to tin oxide loses intensity, significantly, which indicates the reduction to metallic tin that is accompanied by a decrease in FE, being H 2 the major product. Indeed, Cui et al. [21] showed that the presence of Tin-oxide species on the surface promotes CO 2 reduction by lowering the overpotential. It was shown that CO 2 can be inserted into the -OH group in a hydroxylated SnO layer, a process that is followed by the electrochemical reduction to formate. However, at low potentials, they have also demonstrated the adsorption of a hydrogen atom takes place to form (-Sn)H*, which reacts with CO 2 molecule for formate production [5] . Thus, the CO 2 reduction follows different reaction mechanisms on an oxide-covered-and metallic tin surface at low-to-medium and high overpotentials, respectively. In the latter, the hydrogen evolution is dominant over CO 2 reduction.
In summary, the acidic treatment removes the electrically non-conductive SnO 2 phase from the Sn foil surface, leaving pure metallic tin atoms at the topmost layer. However, after the exposition to air, an Sn oxide layer is formed again in the experimental conditions of this study, but now with much lower thickness. Under in-situ conditions, after potential excursions to low potentials, most of this re-grown oxide is electrochemically reduced, remaining only metastable surface Sn oxides (probably with a few layers) that are just enough to catalyze the conversion reaction, while also presenting "better" morphology to carry out the process. In fact, such electrode configuration may have a better electric conductivity that facilitates the electron transfer during the CO 2 reduction reaction. The effect of the Sn oxide thickness was previously evaluated in a similar way, but using Sn oxide nanoparticles [37] . As an overall result of acid etching that is followed by air exposition, our Sn-based electrodes present high FE (90-92%) for CO 2 reduction to formate, a value that is among the highest that have been reported in the literature. In the next section, further insights will be given on the reaction mechanism.
Bulk Calculations
In order to build a model that represents the SnO X layer, we have chosen SnO and Sn 6 O 4 (OH) 4 as tin oxide-derived materials. In this subsection, some basic information regarding the bulk structure of these materials is summarized.
Tin (II) oxide (SnO) crystallizes in a tetragonal structure with P4/nmm space group symmetry and our optimized lattice parameters are found to be a = b = 3.84 Å and c = 4.81 Å at Perdew-Burke-Ernzerhof functional (PBE) level including D3-Grimme corrections for van der Waals (VDW) interactions, in quite good agreement with other theoretical reports [38] [39] [40] [41] . In this crystal, Sn-O-Sn layers interact through weak dispersive forces with a calculated interlayer distance of 3.69 Å. As shown in Figure 2a The crystallization of tin (II) oxyhydroxide (Sn 6 O 4 (OH) 4 ) occurs in a P 4 2 1 c space group with optimized dimensions a = b = 7.88 Å and c = 9.10 Å and Sn-O bond length varying from 2.14 Å to 2.41 Å at PBE level including VDW corrections, which is also in accordance with the literature [42] . Each unit cell contains two clusters where the four-coordinated Sn is disposed in a geometry similar to SnO and the interlayer distances are about 3.92 Å. In the hydroxyl groups, the hydrogen atoms are oriented towards the four-coordinated O atoms to form hydrogen bonds at a distance of 1.84 Å, whereas the remaining O atoms are found in the vertices of a trigonal pyramidal arrangement (Figure 2b) .
SnO is assumed to be a semimetal or a small-gap semiconductor with fundamental gap of 0.7 eV [21] . As expected, the use of the Perdew-Burke-Ernzerhof functional (PBE) functional has returned an underestimated value of 0.3 eV, a problem that was overcome by using the HSE06 hybrid functional with 38% of exact exchange. At this level of theory, we have obtained a band gap of 0.697 eV and 3.363 eV for SnO and Sn 6 O 4 (OH) 4 , respectively. In these compounds, the electronic configuration of Sn is 4d 10 5s 2 5p 0 as a result from the two-electron transfer from Sn5p to the oxygen, whereas the filled 5s subshell constitutes a lone pair that promotes the distortion in the Sn geometry [39, 43] . A detailed analysis of the bulk electronic structure of these oxides is not the main focus of the current study and will be presented in a new publication in due course.
Surface Energies and Slab Structures
As described previously, we have initiated the SnO x modelling by assessing the surfaces energies (γ) in order to obtain the preferential surface orientations from the thermodynamics viewpoint. In the case of SnO, the surface energy follows the trend (001) (0.353 J/m 2 ) < (011) (0.547 J/m 2 ) ≈ (101) (0.545 J/m 2 ) < (100) (0.585 J/m 2 ) < (112) (0.603 J/m 2 ) with small variation as a function of the number of layers. Therefore, we have continued to model the reactivity on the oxide surface using the lowest energy (001) direction. For Sn 6 O 4 (OH) 4 , we have chosen to use the (011) orientation, which possesses the most closed-packed structure and a low surface energy of 0.175 J/m 2 .
The periodic boundary conditions impose the need of expanding the surface area of the slab in order to avoid interactions between the adsorbates and their correspondent images, allowing a proper description of the reaction pathways. Therefore, for SnO, we have built up a (2 × 2) expanded slab geometry and the slab thickness has been reduced to two-layers due to computation demand, which actually does not differ significantly from that of the six-layer slab regarding the surface energy. Furthermore, the formation of the hydroxylated structures with high -OH coverage, typical on oxide-water interfaces, has been modelled by modifying the uppermost layer of the slab to construct a stoichiometric Sn(OH) 2 surface keeping the Sn(II) valence state, as shown in Figure 3a . In this sense, our model differs significantly from other models recently proposed by Wang et al. [29] and Cui et al. [21] who have considered embedded -OH groups in a SnO slab that was built along the (101) direction and the SnO/Sn(112) surface, respectively. The surface relaxation leads to a structure covered by -OH units, further called as SnOOH model, whose hydrogen orientation is directed towards the oxygen atoms from other units, possibly forming hydrogen-bond like interactions at the distance of 1.93 Å. No particular changes in the Sn-O bond length or O-Sn-O angle have been observed for the SnO-slab in comparison with its bulk structure. As it shall be displayed, this model allows us to investigate the incorporation of CO 2 into Sn-OH chemical bonds to form bicarbonate like structures that have been proposed as active species on the reaction pathways.
In the case of Sn 6 O 4 (OH) 4 , a 2 × 2 expanded (011) slab geometry has been built up with a two-layer thickness. It is important to notice that each layer contains the entire Sn 6 O 4 (OH) 4 cluster. This system (model II) does not require any additional modification of the chemical composition since the -OH groups are already intrinsically incorporated in the materials structure (see Figure 3b ). The relaxed structure displays a Sn-O bond length of about 2.15 Å, reaching 2.48 Å for the oxygen atom in the hydroxyl group and O-Sn-O angle of 97 • . Additionally, a model based on the isolated Sn 6 O 4 (OH) 4 cluster system has been built up by embedding the cluster in a vacuum region of a cubic supercell with lattice constants a = 15.85 Å. The idea here is to analyze the relevance of the crystal environment on this ionic compound. The relaxed structure of such an isolated cluster does not differ much from those of the bulk and the slab geometries, displaying O-H bond length of 0.98 Å and the Sn-O bond distance varying from 2.12 Å to 2.48 Å (Figure 3c ).
In Figure 4 , we display the partial density of states (DOS) plots that were obtained with Gaussian smearing for the different structures. Similar to bulk SnO, the model I exhibits a valence band top with predominant O2p and Sn5s character with a lower contribution from Sn5p orbitals. This pattern remains unchanged until −1.7 eV, where bands are composed predominantly by O2p and Sn5s orbitals. The bottom of the conduction band (CB) is mainly composed by Sn5p orbitals, but O2p antibonding states are also found to contribute, as well as Sn2s and O2s antibonding states in an even lower extent. For model II (Figure 4b) , the valence band top has O2p character with lower contributions of Sn5s and Sn5p states. From −2.7 eV to −5.9 eV, O2p states have a higher contribution when compared to Sn5p states, but smaller contributions from Sn5s and O2s can also be seen. The bottom of the CB is also predominantly formed from Sn5p states, but O2p, O2s and Sn5s antibonding states can also been verified. In Figure 4c , we show the partial DOS of the cluster model, which displays localized states as a result of the non-crystal environment. Besides that, the band gap is found to be enlarged in comparison to the bulk system due to quantum confinement effects, as described previously in the literature for other semiconductor clusters, such as CdS and CuCl [44] . Additionally, it is easily seen the region close to the valence band (VB) has equal contributions from Sn5s and Sn5p states with a predominant O2p character, as shown previously.
Insertion of CO 2
In the first step, the CO 2 molecule is assumed to react with -OH group to form the carbonate species, as it has been suggested by Bocarsly et al [2] . In our SnO x surface models, the -OH groups are naturally exposed along the (011) direction, but artificially added in the case of SnOOH model. Our calculations indicate that the formation of carbonate is an exothermic process with ∆E = −0.75 eV (model I) and ∆E = −0.51 eV/−0.32 eV (model II/cluster model), suggesting that the monodentate oxygen-coordination is thermodynamically favored. In this sense, it is likely that the approximation of carbon dioxide to the Sn-OH bond induces its breaking. In Figure 5a -c, the processes regarding the models studied at this work can be visualized. For simplicity, we will use "reactive site" to denominate the specific oxygen atom (from -OH) that is involved in the reaction process. As indicated in Figure 5a At the surface of tin(II) oxyhydroxide (see Figure 5b) , the Sn-O bond is found to be slightly weaker when compared to model I, with a bond length that lies in the range of 2.37 Å and 2.45 Å. However, the adsorbed carbonate species also alters such strength, increasing the distance to 2.57 Å and 2. In this sense, the O···H interactions between the carbonate species and the SnO-modified surface (model I, Figure 5a ) seems to stabilize the carbonate, resulting in a more thermodynamically favorable process.
In Figure 6a -c, it is shown the assessment of the electronic structure after the carbon dioxide insertion on the different models that are considered in this work. This process of chemical adsorption does not necessarily implicate in major changes in band composition at energies close to the band edges, but at lower energies some variances are verified. In model I, new bands can be seen at −9.7 eV and −11.3 eV. They contain mainly contributions from O2p states, with a minor mixing with Sn5s states, being clearly related to the surface-oxygen bonded to the intermediate species. At −11.28 eV, O2p and O2s states form a band due to non-interaction between the two remaining oxygen atoms at the intermediate species with the crystal. At model II, the band gap is found to be reduced by around 0.5 eV when compared to the initial slab, reaching 1.12 eV. Similar to model I, new bands appear at lower energies as result of the CO 2 insertion. For instance, the shoulder visualized at −7.08 eV is composed mainly by 2p-orbitals from the O bonded to the surface, but carbon (not shown) and Sn5s states also contribute in a less extent. At around −10.82 eV, another band regarding contributions from O2p bonding states can be seen along with C states. Such bands come from the remaining oxygen atoms in the carbonate molecule, whose orbitals do not overlap with the ones from other surface atoms. Analogous to model II, the cluster exhibits a band at around −10.30 eV with a O2p character, also containing C states, as result from C-O hybridization in carbonate. However, the small peak found at −7.0 eV in model II is not visualized in the cluster, as well as the band gap is not significantly altered. 
Reduction Reaction
At this stage, we assess the thermodynamics of the electrochemical reduction of the carbonate species. The electrochemical reactions for different studied models are illustrated in Figure 7a -c. As can be observed, the carbonate is hydrogenated through a proton coupled electron transfer mechanism. To model such hydrogenated state, we have explored a few configurations with the hydrogen atom also forming chemical bond with the oxygen or tin atoms (see Figure S3 ). The lowest energy configuration was found to be the one forming C-H bond and stabilizing the formic acid structure. Actually, it should be point out that as the hydrogen was added to the carbon atom, the geometry optimization has led to the formation of the formic acid without any kinetic barrier. Furthermore, the hydrogenated molecule was only physically bound to the surface through a weak dispersive interaction indicating that it should be released in solution following the first electron reduction. These results indicate that the mechanism proposed by Baruch et al. [2] would need to be slightly modified since the formation of surface bound formate species, through a proton coupled two electron transfer, was not found to be stable in the investigated models. To further validate the models and compare with our experimental results, we have calculated the reduction potentials of the bound carbonate species through the assessment of the reaction free energies as described in the computational details section. All potentials are referred to RHE by setting to zero the free energy of the following reaction: H + + e − → 1/2H 2 . Our theoretical results indicate that the first proton-coupled electron transfer takes place at a calculated potential of E = −1.09 and −1.65 V (vs. RHE) for models I and II, respectively, as displayed in Figure 7a ,b. For the isolated cluster model, two possible configurations can be formed at different redox potentials, which can be seen in Figure 7c . At the potential E = (−1.51 V vs. RHE), the bidentate oxygen coordination is generated, whereas at the right-hand side, formic acid is produced, maintaining a physical adsorption. In this sense, it has been reported that the formic acid is generated with higher efficiency at an applied potential in the range −1.2 to −1.6 V (vs. RHE) or −1.4 to −1.8V vs. Ag/AgCl (3M NaCl) in the original work [2] . Our experimental data showed that the onset of the cathodic current was ca. −0.80 to −0.90 V (vs. RHE), which suggests that the SnOOH is the active layer in this study. Similarly, the calculated reduction potential of E = −1.65 V (vs. RHE) for model II is coherent with the CV measurements for Sn 6 [2] . Moreover, the calculated redox potential from the isolated cluster model indicates that the crystal environmental does not display strong effect on the reaction thermodynamics.
Alternative reaction pathways for formic acid production from the carbonate-bonded species can be visualized in Figure S3 , with a hydrogenation step that takes place at either the oxygen or tin atom at the SnOOH surface. In a feasible pathway, the oxygen-bridge atom that is connected to the surface (OHOC=O, Figure S3b ) is found to undergo the proton-coupled electron transfer at −0.57 V (vs. RHE). Thus, the favorable enthalpy strongly suggests that is a competitive reaction that originates molecular hydrogen and carbon dioxide, with release of both compounds in the medium (here, the vacuum). At this point, it is important to emphasize that the preference for formic acid formation in detriment of the molecular hydrogen and the starting compound is a question that remains open. Additionally, the possibility for hydrogenation of the tin-atom site instead of the C-H site at the carbonate species can be favored at higher potentials (E = −1.55 V vs. RHE). In such case, the Sn-H bond is expected to lead to molecular hydrogen through two possible mechanisms, where the second hydrogenation process can take place either at the Sn-H site or be adsorbed at a Sn site. In the latter case, the adsorbed hydrogen atoms interact to form the molecular gas, as previously described by the Volmer-Tafel mechanism [45] .
All the aforementioned theoretical assessments of the reaction thermodynamics corroborate with the mechanisms that involve the initial stabilization of the carbonate species at the electrode-electrolyte interfaces. However, such species may be electrochemically reduced to form the formic acid through a proton coupled one-electron process, which is released in solution leaving a Sn-O unit on the electrode surface. The latter would then be promptly reduced to recover the Sn-OH structure and then closing the catalytic cycle. Depending on the pH condition the formic acid would then be deprotonated stabilizing the formate molecule.
Materials and Methods
Measurements of Carbon Dioxide Electrochemical Reduction
The electrochemical reduction of carbon dioxide was conducted on tin foil electrodes which were 1.0 cm 2 in area and had a thickness of 0.2 mm and fabricated via melting procedures of high-purity tin granules (Alfa Aesar TM , 99.99%, Ward Hill, MA, USA). The electrodes were submitted to etching in 1.0 mol L −1 nitric acid solution at 90 • C for 10 min, for further removal of eventual surface contaminants and surface oxides. Here, it is worth to mention that the etching procedure using 24 wt.% HBr solutions produced similar results. The electrodes were copiously rinsed with distilled water at room temperature (ca. 25 • C). After the rinse, the tin-based electrodes were exposed to air for 1 day (here referred as "Sn-1") or for only 10 min ("Sn-2"). Surface characterization was achieved via X-ray photoelectron spectroscopy (XPS) in a ScientaOmicron (ESCA + model, Uppsala, Sweden)by using a high-performance hemispheric analyzer (EAC 2000) with monochromatic Al Kα (hν = 1486.6 eV) anode operated at 12.5 kV. A pass energy of 50 eV with a 0.05 eV per step was used to record the high-resolution spectra.
All electrochemical measurements were conducted using a potentiostat/galvanostat (Autolab PGSTAT 30N, 128N or 204N, Metrohm-Eco Chemie) which is controlled by the NOVA 2.1.4 ® software. A glassy carbon plate and a leak-free Ag/AgCl/Cl − (sat. KCl) were used as counter and reference electrode, respectively. However, all experimental potentials will be referred to the reversible hydrogen electrode (RHE) scale in order to eliminate the pH effect. The experiments were performed in a homemade gastight H-shaped electrolysis cell, in Ar-or in CO 2 -saturated in 0.1 mol L −1 Na 2 SO 4 electrolyte. The compartments were separated by a Nafion 115 (Dupont) membrane, but a glass frit has returned very similar results. Measurements of linear sweep voltammetry (LSV) were used for electrochemical characterization in Ar-and CO 2 -saturated electrolytes, before the electrochemical reduction of CO 2 . At least two linear sweeps were carried out from open circuit voltage (OCP; ca. −0.3 V) to −1.6 V vs. RHE, at a scan rate of 10 mV s −1 . The first and the last scans were saved as the electrochemical profile for comparison purposes. The experiments of CO 2 electrochemical reduction were carried out under potentiostatic conditions, in CO 2 -saturated electrolyte and with continuous bubbling of CO 2 in the cathodic compartment. The total charge of 18.7 mC has been controlled for each potential and electrode during the electrolysis. Stability tests of 4 h were conducted for the Sn-1 electrode at −1.25 V vs. RHE, and the faradaic efficiencies were determined for each elapsed hour.
The formation of HCOO − species was quantified by high-performance liquid chromatography (HPLC). For these measurements, it was used a Prominence Ultra-fast Liquid Chromatograph ® (Shimadzu corp., Kyoto, Japan), equipped with UV-Vis SPD-20A and RID-10A detectors, and an Aminex HPX-87H ® analytical column (300 mm × 7.8 mm ID, Bio-Rad Laboratories Inc., Hercules, CA, USA). The chromatographic separation was conducted using an isocratic elution of 3.33 mmol L -1 H 2 SO 4 at a flow rate of 0.6 mL min −1 , with an injection loop of 20 µL. The detector was set to measure the absorbance at 210 nm.
Computational Methods
All calculations were performed within the density functional theory (DFT) framework as implemented in the Vienna Ab-Initio Simulation Package (VASP) [46] . The Kohn-Sham equations were solved in a project augment wave (PAW) scheme, with the Perdew-Burke-Ernzerhof functional (PBE) [47] . Furthermore, the D3-Grimme [48] correction was applied to describe van der Waals interactions. As a first step, the lattice parameters and ionic positions of tin (II) oxide (SnO) and tin (II) oxyhydroxide (Sn 6 O 4 (OH) 4 ) were fully optimized starting from the available crystallographic data [37] [38] [39] 41] . The cutoff energy of 700 eV was used for the plane-waves basis set for both compounds, whereas 7 × 7 × 7 and 8 × 8 × 6 Monkhorst−Pack k-point meshes were used for SnO and Sn 6 O 4 (OH) 4 , respectively. These values were defined according to the convergence tests.
In order to model the interface reactivity, we have built slabs with a variant number of layers and crystal orientations from the optimized bulk structures. By computing the slab electronic total energy (E slab ), we have obtained the surface energy, defined as the excess of free energy per unit area of a crystal facet [49] , i.e., the cost in energy to form a surface from the bulk structure that could be written as follows:
where t and A stand for the number of layers and surface area, respectively. Here, a range of 3-11 layers was used to determine the surface energies of (001) and (100) facets of SnO (model I), whereas 2-6 layers and the (011) facet were the choice for Sn 6 O 4 (OH) 4 (model II). In both cases, a vacuum region of 12 Å was used. According to convergence tests, 5 × 5 × 1 and 6 × 6 × 1 k-point grids were employed for SnO and Sn 6 O 4 (OH) 4 , respectively. The respective cutoff energies were 500 eV and 700 eV. In this initial step, the surface area was chosen to be small, which reduces the computational time associated with the numerous tests varying the size of the supercell. However, due to the periodic boundary conditions, it is further necessary to expand the surface area in order to avoid interactions between the adsorbates and their respective images when we are investigating surface reactivity. In this work, the surface area was enlarged in 2 × 2, while the k-point grid and cutoff energy were reduced to 2 × 2 × 1 and 400 eV, respectively. The solvation effects at the electrode/solvent interface were investigated through the Born-Haber thermodynamic cycle (Scheme 1), a popular method in molecular theoretical chemistry that can also be used in our study. In Scheme 1, the property of interest is ∆ r G solid-liquid , a quantity defined as the Gibbs free energy of reaction at the solid/liquid interface, which in this formalism is not obtained directly but through a vector sum involving the free energies of reaction ∆ r G solid-vacuum at the solid-vacuum interface and solvation energies in aqueous medium, ∆ solv G, such as:
where
and Ox and Red stand for oxidized and reduced species, respectively. Scheme 1. Thermodynamic cycle used for calculation of ∆ r G (solv) .
Our solid-state calculations provide ∆ r G solid-vacuum , while the solvation energies were obtained in aqueous medium through the implicit solvent model available on VASP-SOL code [50] . After obtaining ∆ r G solid-liquid , the redox potential E was determined through the relation
In (4), n is the number of electrons involved in the reaction. In a zero-Kelvin calculation, the Gibbs free energy is composed solely by the enthalpic term, which is a sum of the internal energy (E elect and the zero-point correction) and a pressure-volume term. Here, we consider uniquely the electronic energy, which has the main contribution to the internal energy. However, we do not expect the vibrational contributions or the temperature effects to influence the obtained trend [51] . In order to establish the reference electrode (RHE), we have also calculated the total energy of a hydrogen molecule embedded in a vacuum region of a cubic supercell with lattice constant a = 20.0 Å.
The electronic structure has been assessed by calculating the density of states (DOS) and its projected components (pDOS) on Sn, O, C and H atoms. For the bulk electronic structure, it has been used the tetrahedron method with Blöchl corrections, whereas larger systems required the Gaussian smearing with a width broadening of 0.2 eV.
Conclusions
In this work, we have employed experimental and theoretical methodologies with the aim of advancing the understanding on the underlying mechanisms of the carbon dioxide reduction to formate catalyzed by Sn-based electrodes. In the experimental approach, we have considered two sets of Sn electrode preparation, involving different exposures times to air after acid etching, producing electrodes with different initial extent of oxidation. The onset potentials of carbon dioxide electrochemical reduction to formic acid on the two different tin foil electrodes were at ca. −0.8 to −0.9 V vs. RHE, with similar maximum faradaic efficiencies, of 90-92%, at a potential of ca. −1.25 V vs. RHE. Thus, under in-situ conditions, even having different initial extent of oxidation, the electrode surfaces converge to very similar structures, with partially reduced or metastable Sn oxides that serve as active sites for the CO 2 reduction. Additionally, the high faradaic efficiencies of the Sn electrodes brought by the etching/air exposition procedure was attributed to the formation of an optimized Sn oxide layer thickness, allowing the presence of Sn oxides that are important for the CO 2 "activation", with good electric conductivity, favoring the electron transfer during the CO 2 reduction reaction.
In order to assess the reaction thermodynamics and the electronic structure in the reaction process, we have employed a DFT-based approach. Firstly, we have built two models based on tin (II) oxide (SnO) and tin (II) oxyhydroxide (Sn 6 O 4 (OH) 4 ) bulk structures, also evaluating the crystal environment on the latter model. In the catalytic process, the tin-carbonate species is formed as a result of the reaction of carbon dioxide with the -OH group at the catalytic surface, with an electronic structure that exhibit new bands at lower energy region resulting from C-O hybridization in the carbonate species. Our calculations show that the formation of the tin-carbonate species is thermodynamically favored by ∆E = −0.32 to −0.75 eV (isolated cluster/model I) for the monodentate oxygen-coordinated intermediate. The first proton-coupled electron transfer is found to occur at a calculated potential of −1.65 V/−1.09 V (vs. RHE) for the layered-tin (II) oxyhydroxide/SnOOH system. Thus, we suggest that the active surface layer in our experimental approach is tin-oxide based system with hydroxylated surface, which is well represented by the SnOOH model. On the other hand, the (Sn 6 O 4 (OH) 4 ) model is consistent with the experimental studies previously published in the literature, with a minor potential increase of 10 mV in absence of the crystal environment (cluster model).
Therefore, our findings support the mechanisms involving the CO 2 adsorption via oxygen favored by its chemical reaction with terminal OH species, producing carbonate species: The carbonate is electrochemically reduced to form the formic acid through a proton coupled one-electron process, which is subsequently released in solution leaving a Sn-O unit on the electrode surface. The latter would then be promptly reduced to recover the Sn-OH structure and then closing the catalytic cycle. Depending on the pH condition the formic acid would then be deprotonated stabilizing the formate ions.
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